The misfolding of serpins is linked to several genetic disorders including emphysema, thrombosis, and dementia. During folding, inhibitory serpins are kinetically trapped in a metastable state in which a stretch of residues near the C terminus of the molecule are exposed to solvent as a flexible loop (the reactive center loop). When they inhibit target proteases, serpins transition to a stable state in which the reactive center loop forms part of a six-stranded β-sheet. Here, we use hydrogen-deuterium exchange mass spectrometry to monitor region-specific folding of the canonical serpin human α 1 -antitrypsin (α 1 -AT). We find large differences in the folding kinetics of different regions. A key region in the metastable → stable transition, β-strand 5A, shows a lag phase of nearly 350 s. In contrast, the "B-C barrel" region shows no lag phase and the incorporation of the C-terminal residues into β-sheets B and C is largely complete before the center of β-sheet A begins to fold. We propose this as the mechanism for trapping α 1 -AT in a metastable form. Additionally, this separation of timescales in the folding of different regions suggests a mechanism by which α 1 -AT avoids polymerization during folding.
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hydrogen exchange | misfolding disease | protein folding T he misfolding and polymerization of serpins is linked to a number of inherited diseases including liver cirrhosis, emphysema, and dementia (1) . In the most common serpin-linked disease, α 1 -antitrypsin deficiency, α 1 -antitrypsin (α 1 -AT) is trapped in a misfolded polymerization prone state during processing in the endoplasmic reticulum. Accumulation of polymers ultimately leads to apoptosis. Unlike in amyloid diseases, however, it is not thought that serpins undergo a compete change in their secondary and tertiary structures upon polymerization. Instead, serpin misfolding is thought to be related to their unusual inhibitory mechanism.
The lowest free energy structure of α 1 -AT is shown in Fig. 1B . However, the structure shown in Fig. 1A is the structure that α 1 -AT spontaneously adopts during folding. Alpha-1 antitrypsin, like other inhibitory serpins, is trapped in a metastable state (2) . The α 1 -AT fold consists of three β-sheets (A, B, and C) and nine α-helices (A-I). In the metastable form, residues 345-360 are exposed to solvent and comprise the reactive center loop (RCL) that is cleaved by target proteases, whereas in the stable form, these same residues form the fourth strand of β-sheet A. Cleavage by target proteases triggers a conformational change in which the N-terminal portion of the RCL spontaneously inserts into β-sheet A, carrying the bound protease (covalently linked as an acylenzyme intermediate) along with it.
Evidence suggests that serpin polymerization is an intermolecular version of the above-described intramolecular process. The two most prominent models for serpin polymerization propose that polymers are formed either through the insertion of the RCL of one serpin into the A β-sheet of another, or through a domain swap mechanism in which both the RCL and β-strand 5A of one serpin become β-strands 4 and 5A of another (3, 4) . In either case, unlike prions, the overall secondary and tertiary structure is retained and this native-like structure of the monomeric unit allows serpin polymers to escape the unfolded protein response (1) .
The folding mechanism and the identity of the polymerization prone intermediate of α 1 -AT are thus directly relevant for the understanding and treatment of α 1 -AT deficiency, and may additionally provide insight into other serpinopathies. The equilibrium chemical denaturation of α 1 -AT has been extensively studied (5) , and recent work suggests that the equilibrium intermediates of wild-type and the major pathological mutant responsible for α 1 -AT deficiency (the "Z" mutant) share similar structural characteristics (6) . However, folding in the cell occurs under strongly native conditions. Therefore, knowing the kinetics of serpin folding under native conditions is necessary to understand the basis of serpin metastability and polymerization.
Although previous Trp fluorescence and far UV circular dichroism kinetic studies of α 1 -AT folding have revealed that folding occurs in three phases with relaxation times of 40-50 (fast), 200-500 (medium), and 1,000-3,000 s (slow) (7), these techniques cannot provide detailed information on which parts of the structure form first as is needed to understand how serpins avoid the more stable, inactive latent form as well as how polymerigenic intermediates are avoided. To determine how antitrypsin folds with higher spatial resolution, we performed hydrogen-deuterium exchange mass spectrometry (HXMS) experiments to examine the local folding kinetics of the canonical serpin human α 1 -AT.
Results
To follow the folding kinetics, unfolded α 1 -AT in 6 M guanidinium chloride (GuHCl was refolded for different time periods followed by deuterium labeling for 10 s; see Methods). The deuterated protein was digested with pepsin, and peptic peptides were analyzed by mass spectrometry. A map of the peptic fragments employed in this study is given in Fig. S1 . Under our experimental conditions, 70% of active refolded α 1 -ATwas recovered as judged by the inhibition assay against bovine trypsin. After refolding for 3,000 s, deuterium uptake was similar to that seen in the native state (Fig. 2) . Although previous studies (8) have found that α 1 -AT will polymerize upon incubation in low concentrations of denaturant, this process showed a strong temperature dependence. Refolding conditions in the present study employ both lower GuHCl concentrations (0.6 M after dilution as opposed to 1 M in Koloczek et al., ref. 8) and lower temperature (25 vs. 37°C) than previous studies in which significant polymerization has been detected. Decreased levels of deuterium uptake char- acteristic of polymerized α 1 -AT (9) were absent, including in residues 352-372 containing the C-terminal half of the RCL, indicating that polymerization during refolding was minimal under our conditions. Whereas previous studies (7) suggest that rapid collapse occurs within the dead time of our experiments (5 s), the degree of overall deuterium uptake after 5 s of refolding is similar to the deuterium uptake of the unfolded form in 6 M guanidine as observed in our previous equilibrium unfolding study (10) . This result suggests that the initial collapse is to a highly dynamic molten globule like form, followed by stable structure formation in the ensuing approximately 3,000 s.
The HXMS data reveal several types of behavior. Most peptic fragments showed clear evidence for cooperative folding where two peaks are evident in the mass spectrum with the peak centered at higher mass (more exchange) corresponding to the unfolded state and the lower mass peak (less exchange) corresponding to the folded state (Fig. 3A) . As folding proceeds, the relative amplitudes of the two peaks change, reflecting the disappearance of the unfolded state and the appearance of the folded state; this can be quantified by fitting the spectrum to two Gaussian peaks. In some peptic fragments, the degree of cooperativity was difficult to assess, either because the mass difference between the folded and unfolded forms is too small to give rise to distinct peaks (Fig. 3B ) or because folding resulted in a shift in the centroid mass rather than a change in the relative amplitudes of high and low m∕z peaks (Fig. 3C) . In these cases, the extent of folding was quantified by the shift of the centroid mass.
Whereas previous studies have identified multiple kinetic phases in the folding of α 1 -AT, this study reveals the distinct folding kinetics of different structural elements (Fig. 4) . Most strikingly, there are large delays in the onset of stable hydrogen bond formation-possibly indicative of delays in the onset of foldingin several regions known to be important for function. Specifically, peptides covering residues 297-338, which include helix I and most of strand 5A, all show lag phases in their folding kinetics. No detectable folded population in this region is seen for 200-350 s after the initiation of refolding. Similarly, residues 143-159, which include strand 1A and most of the F helix, show an approximately 250 s lag phase. Most notable are residues 325-338 encompassing β-strand 5A. These residues show no evidence of folding for 350 s, and by 1,000 s are still only 50% folded (Fig. 5 ).
Residues showing a lag phase in their folding kinetics form a contiguous block of structure, excepting the F helix (Fig. 6B ). In contrast, much of the upper half of the molecule, including the B-C barrel region, is largely folded by 600 s. These results are mapped onto the three dimensional structure of α 1 -AT in Fig. 6A .
Discussion
Several implications for serpin folding and misfolding follow from our results. Beta-strand 1C anchors the distal end of the RCL to the rest of sheet C, preventing formation of the latent state through spontaneous loop insertion. Beta-sheet C-including strand 1C-acquires substantial protection from H/ 2 H exchange before any significant protection appears in β-sheet A. In fact, although the peptide containing strand 1C folds through an apparently heterogeneous intermediate rather than in a clearly two-state manner (see above) the shift in the centroid mass fits very well to a biexponential decay with τ 1 ¼ 47 s and τ 2 ¼ 436 s and approximately equal amplitudes (Fig. 5) . These time constants are in surprisingly good agreement with the "fast" and "medium" phases that were detected previously by intrinsic tryptophan fluorescence. The two phases may correspond to the folding of the two elements of secondary structure spanned by this peptide-strand 1C and strand 4B-although it is not possible to say which phase corresponds to which strand. One possible scenario is that the fast phase corresponds to the annealing of strands 1 and 2C, whereas the slow phase corresponds to the incorporation of strand 4B into the core of the molecule. In any case, both phases are considerably faster than the slow folding seen in strand 5A with its lengthy lag phase of 350 s (Fig. 5) . Thus the distal end of the RCL is secured to sheet C and the C-terminal residues are largely incorporated into sheet B before the loop insertion site-the center of sheet A-is formed. We propose that this ordered timing of folding events prevents α 1 -AT from folding to its thermodynamically stable loop inserted form.
The distinct folding kinetics of the B-C barrel and β-sheet A are especially suggestive in light of the recently reported C-terminal domain swap model for α 1 -AT polymers (11) . In this model, the RCL inserts into β-sheet A as in the latent or cleaved forms, but β-strands 4 and 5B are extracted from β-sheet B and become strands 4 and 5 of β-sheet B of a second serpin. This mechanism suggests that the evolution of α 1 -AT during folding toward either the native state or polymers is determined by a competition between incorporation of the C-terminal residues into β-sheets B and C on the one hand and formation of β-sheet A on the other (11) . The lag phase in the folding of sheet A ensures that the Cterminal residues win this competition, thus allowing α 1 -AT to successfully fold to the active metastable conformation. Correct folding of β-sheet B will not by itself prevent folding to the latent state. Prevention requires anchoring of the C terminus of the RCL to β-sheet C, and our results indicate that this also occurs much more rapidly than the formation of β-sheet A.
The importance of proper formation of the B-C barrel in serpin folding is also highlighted by a study of an ovalbumin mutant that spontaneously adopts the stable loop inserted structure (12) . When a fragment consisting of the first 352 residues was diluted from 8 M urea, it adopted a structure with the properties of the metastable state, including an exposed RCL. When a fragment consisting of residues 353-385 (including β-strands 1C and 4 and 5B) was added, the two fragments annealed to form a stable complex and, further, the RCL inserted into β-sheet A. This result suggests that a crucial portion of the driving force for the metastable → stable transition comes from formation of the lower part of β-sheet B and its packing into the core of the molecule. These observations further support the importance of the relative timing of events during serpin folding. Because the folding of β-sheet B occurs on the same timescale as the anchoring of the distal end of the RCL to β-sheet C but well before the formation of sheet A, the formation of the lower portion of sheet B cannot drive the metastable → stable transition during folding.
The origins of this separation of folding timescales are unclear. It has been postulated that the serpin fold originated from the fusion of the N-terminal approximately 194 residues-containing α-helices A-F and β-strands 1, 2, and 3A and 6B-with the Cterminal approximately 200 residues-containing α-helices G-I and β-strands 5 and 6A, 1-5B, and 1-4C (13) . The putative origin of the serpin fold through domain fusion may explain the large separation of timescales between different structural regions. Studying the folding of γD-crystallin, Flaugh et al. found evidence for obligatory sequential folding of the N-and C-terminal domains (14) . A marked separation of timescales between two folding events was observed (t 1∕2 values of 15 and 190 s for two kinetic phases), and they suggested that the C-terminal domain must fold first to provide a nucleation center for the N-terminal domain. A similar scenario may describe the folding kinetics of α 1 -AT despite the interconnectedness of its two domains. In the case of α 1 -AT, the B-C barrel folds first and provides a scaffold for the N-terminal domain. The separation of timescales between the folding of β-strands 1C and 5A (Fig. 5 ) may also have implications for cotranslational folding. Strand 5A is synthesized before the C-terminal residues comprising strands 1C, 4B, and 5B, and the delay in strand 5A folding may allow these strands time to form contacts with the rest of β-sheets B and C before sheet A is formed, thereby locking α 1 -AT in its metastable conformation.
Mutagenesis studies have identified several interactions in the B-C barrel region that are critical for the "kinetic trap" that holds α 1 -AT in the metastable form. Of particular interest are alanine substitutions at positions 229, 256, 288, 364, and 366 resulting in variants that spontaneously transition to the latent state. Although we lack coverage for residue 288, residues 229, 256, 364, and 366 are all located in peptides that do not show a lag phase but begin to fold immediately upon dilution from GuHCl. Like strand 1C, regions containing these residues have undergone extensive folding before strand 5A even begins to fold. Most disease-associated mutations are also found in these early folding regions: M malton (ΔF52) (15), S iiyama (S53F) (16), or M mineral springs (G67E) (17), D256V Lowell and E264V (S variant) (17) (Fig. 6A) . In particular, D256V was shown to fold much more slowly than wild type due to an accumulation of the molten globule form (18) . The locations of these mutations suggest that the failure of the B-C barrel region to fold well before the formation of β-sheet A leads to the formation of either polymers or the latent state. The most common pathological serpin mutant, the Z mutant of α 1 -AT, contains an E → K substitution at position 342 just above the top of strand 5A. This substitution eliminates a salt bridge between E342 and K290. Electrostatic repulsion between K342 and K290 may promote polymerization by delaying the already slow insertion of strand 5A, which would be consistent with a loop sheet or RCL-strand 5A domain swap model for polymerization. Another possibility-suggested both by the study of Onda et al. (12) and by that of Krishnan and Geirasch (6)-is that much of the molecule can adopt a native-like topology even before the formation of stable hydrogen bonds. In this case, positioning of β-strand 5A across the front of sheet B (but not its stable incorporation into sheet A) may be required for the subsequent folding of the C-terminal residues to proceed (see note). K342-K290 repulsion could prevent or significantly slow this positioning thus leading to prolonged exposure of the C-terminal residues. Such a scenario would be consistent with a C-terminal domain swap mechanism of polymerization.
The present work provides a kinetic explanation for the folding of α 1 -AT to a metastable structure. The docking of β-strand 1C to strand 2C is largely complete before the formation of a stable hydrogen bonded β-sheet A begins, locking down the RCL before the RCL insertion site at the center of β-sheet A is formed. Additionally, this study allows the wealth of equilibrium unfolding and mutagenesis data on α 1 -AT and other serpins to be unified with a kinetic picture. Mutations found by Im et al. that eliminate the kinetic trap that catches α 1 -AT in the metastable form are all located in the fast folding region (19) . Mutations that interfere with the rapid formation of the B-C barrel may give sheet A an opportunity to form before the distal end of the RCL has been locked down to β-sheet C. The results reported here also point to an intriguing connection between kinetics and equilibrium stability in serpins. Previous equilibrium unfolding studies identified residual structure in the fast folding B-C barrel region (10, 20) . A recent study combining GuHCl denaturation with chemical labeling of engineered cysteines revealed that strand 5A-the last region of α 1 -AT to acquire protection from H/ 2 H exchange during kinetic refolding-is the first element to unfold during equilibrium unfolding, losing nearly all protection from chemical labeling at approximately 1 M GuHCl 6 . Our results indicate that, during folding, α 1 -AT transiently populates a form in which the B-C barrel is largely folded but stable interactions between strand 5A and the rest of β-sheet A have not yet formed. We suggest that this state corresponds to the polymerization prone intermediate that various pathogenetic α 1 -AT mutants populate during folding. This picture, based in the kinetics of local structure formation during refolding from the denatured state is remarkably consistent with the picture proposed by Krishnan and Gierasch on the basis of equilibrium measurements; in particular, there is a surprisingly good correspondence between regions displaying a lag phase in their folding kinetics (Fig. 6B ) and regions in which engineered cysteines were readily labeled at low GuHCl concentrations (6) . Although a relationship between native state stability and folding kinetics has been suggested for small two-state folding proteins (21), the connection, if any, between local stability and folding kinetics in large complex proteins such as serpins is unclear. The peculiar inhibitory mechanism of serpins suggests that instability at the center of β-sheet A is required for efficient function. It remains to be determined whether the slow folding kinetics in this region are a consequence of this functional requirement.
Methods
Human wild-type α 1 -AT was expressed and purified as described previously 10. To unfold the purified α 1 -AT, 5 μg of the protein was incubated in 10 μL of 10 mM sodium phosphate (pH 7.8) and 50 mM NaCl containing 6 M GuHCl for 2 h at room temperature. The sample was diluted 10-fold with 10 mM sodium phosphate (pH 7.8) and 50 mM NaCl and refolded for increasing amounts of time. At various time points, refolding samples was deuterated for 10 s by an addition of 10 mM sodium phosphate (pD 7.8), 50 mM NaCl containing 0.6 M guanidine deuterochloride to a final volume of 1 mL. The deuteration reaction was quenched by adding HCl to lower pH to 2.3, and the sample was frozen and stored at −80°C until use. The activity assay of the refolded protein against bovine trypsin was carried out as described previously (10) . The thawed protein sample was digested by porcine pepsin on ice, and deuterated peptides were loaded on to a C18 column (GraceVydac) packed in ice and eluted directly into an electrospray ionization mass spectrometer with a water:acetonitrile gradient of 2-45% over 12 min. The folded and unfolded populations were quantified by fitting the resulting mass spectra to two Gaussian envelopes as described previously (5) . The identity of the peptic fragments was determined from tandem MS/MS sequencing performed on an undeuterated sample. Sequences were determined from the ms/ms data using the Bioworks software package (ThermoElectron). Structure figures were prepared using PyMol (22) .
Note. A recent study (23) showed that active α-1 antitrypsin can be reconstituted from fragments 1-323 and 324-294 but not from 1-323 and 359-394, suggesting that placement of strand 5A is required for folding of the C-terminal residues. This finding suggests that the lag phase seen in strand 5A represents a delay in the formation of stable hydrogen bonding, and that the positioning of strand 5A may be roughly correct even while it is labile to hydrogen exchange. 
